Ultraviolet irradiation of mammalian cells induces several events that include activation of growth factor receptors and triggering of signal transduction pathway. Most of the UV responses are mediated by the production of reactive oxygen species (ROS) and can be blocked by antioxidants. In this study, we analysed the effect of UVB irradiation at physiologic doses and that of the prooxidant agent cumene hydroperoxide (CUH) on the activation of the receptor for keratinocyte growth factor (KGF), a key mediator of epithelial growth and differentiation. Exposure to both UVB (30-150 mJ/cm 2 ) and CUH (200 lm of NIH3T3 KGFR (KGF receptors) transfectants caused a rapid tyrosine phosphorylation and activation of KGFR similar to that induced by KGF, and internalization of the activated receptor. The KGFR expression appeared unmodified by the treatments. Ultrastructural observations of both UVB-and CUHtreated cells showed a normal morphology of the plasma membranes and intracellular organelles. The antioxidant N-acetylcysteine inhibited UVB-induced receptor phosphorylation. The generation of an intracellular oxidative stress was detected as a decrease of catalase activity and of vitamin E, and reduced glutathione levels, whereas superoxide dismutase activity was not significantly modified. A peroxidation of polyunsaturated fatty acids of cell membranes was observed after both treatments, associated with the intracellular oxidative stress. Similar biochemical events were observed on NIH3T3 untransfected control cells, suggesting that KGFR activation follows intracellular generation of ROS and is not associated with a scavenging effect. Taken together our results demonstrate that exposure to UVB and to oxidant stimuli induces a rapid intracellular production of ROS, which in turn are capable of triggering KGFR activation and internalization, similar to those induced by KGF.
Introduction
Ultraviolet irradiation (UV) of human skin is known to be involved in the pathogenesis of several disorders characterized by inflammation, hyperpigmentation and hyperproliferation, and possibly leading to tumorigenesis (Fisher et al., 1997; Glenn McGregor, 1999; Wikonkal and Brash, 1999) . Exposure to UV radiation causes a complex cellular response, which includes the regulation of gene expression, DNA damage, lipid peroxidation and induction of apoptosis (Schwarz et al., 1995; Rosette and Karin, 1996; Sheikh et al., 1998; Glenn McGregor, 1999; Wikonkal and Brash, 1999) . UV radiation, causing DNA damage by either direct interactions or by indirect pathways, may play a pivotal role in the process of carcinogenesis (for a recent review, see de Gruijl, 2000) . The molecular mechanisms involved in the triggering of such cellular response are still largely unknown; however, most of the effects induced by UV seems to depend on the production of reactive oxygen species (ROS) that may act as second messengers (Fuchs and Packer, 1990; Dimon-Gadal, 1998) .
The earliest step in response to UV irradiation and subsequent ROS generation involves ligand-independent phosphorylation of growth factor receptors such as epidermal growth factor receptor (EGFR) (Sachsenmaier et al., 1994; Coffer et al., 1995; Huang et al., 1996; Peus et al., 1998 Peus et al., , 1999 , signal transduction (Sachsenmaier et al., 1994; Rosette and Karin, 1996) and rapid expression of early growth response genes (Egr-1) (Huang and Adamson, 1995) .
Keratinocyte growth factor (KGF/FGF7) is a member of the fibroblast growth factor (FGF) family and appears to represent a key mediator of epithelial growth and differentiation. Secreted from cells of mesenchymal origin, it elicits its activity specifically on epithelial cells Rubin et al., 1989) through binding to the KGF receptor (KGFR), a splicing transcript variant of the FGFR2 (Miki et al., 1991 (Miki et al., , 1992 . On cultured human keratinocytes, KGF acts not only as a potent mitogen (Marchese et al., 1990) , but also promotes their early differentiation (Marchese et al., 1990) and inhibits their terminal differentiation and apoptosis (Hines and Allen-Hoffman, 1996) . In vivo, KGF appears to play a role in experimental (Werner et al., 1992 (Werner et al., , 1994 Staiano-Coico et al., 1993) and human wound healing. UVB irradiation of human cultured keratinocytes induces, as a late event (24 h), drastic downmodulation of KGFR expression, and it has been proposed that this KGFR downregulation may account for the therapeutic effect of growth inhibition induced by UVB in the treatment of hyperproliferative skin disorders such as psoriasis (Zhou et al., 1996; Finch et al., 1997) .
Here we analysed the very early effects of physiological doses of UVB irradiation on KGFR expression, phosphorylation and activation using NIH3T3 cells transfected with KGFR. In addition, since it has been proposed that UVB-induced phosphorylation of EGFR is mediated by the production within minutes of hydrogen peroxide (H 2 O 2 ) (Peus et al., 1999) , we compared the effects induced by UVB with those exerted by treatment with cumene hydroperoxide (CUH), a synthetic and stable hydroperoxide able to induce the production of H 2 O 2 (Vessey et al., 1995; Kayanoki et al., 1996) . The modification of some enzymatic and nonenzymatic antioxidants and the pattern of membrane fatty acid were evaluated to study the generation of an oxidative stress. Moreover, in order to evaluate whether KGFR activation by UV could exert a free radical scavenger role, untransfected NIH3T3, grown in the same conditions, were also studied.
Results

UVB induces tyrosine phosphorylation and activation of KGFR
To analyse the effects of physiologic doses of UVB irradiation on the expression and phosphorylation of KGFRs, we exposed KGFR-transfected NIH3T3 cells to increasing doses of UVB (20-150 mJ/cm 2 ) and incubated for 5-20 min, followed by cell viability analysis and immunofluorescence with antiphosphotyrosine antibodies (data not shown). We selected the UVB doses (20-50 mJ/cm 2 ) and the time point of incubation after UVB exposure (10 min) corresponding to an evident immunofluorescence signal on the cell surfaces. We then exposed NIH3T3 KGFR transfectants to UVB (20, 30 and 50 mJ/cm 2 ) and incubated the cells for 10 min before immunoprecipitation with anti-Bek monoclonal or polyclonal antibodies, which specifically recognize the intracellular domain shared by the two splicing isoforms, FGFR2 and KGFR, and immunoblotting with antiphosphotyrosine antibodies. A protein reacting with anti-Bek antibodies and corresponding to the molecular weight of the KGFR was visible in KGFR-transfected NIH3T3 cells (Figure 1a) , as expected (Marchese et al., 1998) , and no reactivity was detected in control nontransfected NIH3T3 cells (Marchese et al., 1998 and data not shown). As shown in Figures 1-3 , the KGFR protein levels were similar in untreated as well as in UVB-treated cells. Although in our experimental conditions the KGFR expression appeared unmodified, exposure to UVB as above induced receptor tyrosine phosphorylation, as assessed by either immunoprecipitation with anti-Bek followed by immunoblotting with antiphosphotyrosine ( Figure 1a ) or immunoprecipitation with antiphosphotyrosine followed by immunoblotting with anti-Bek (Figure 1b) , which appeared to reach the plateau at the UVB dose of 30 mJ/cm 2 . Similar tyrosine phosphorylation of KGFR was induced by treatment with KGF (100 ng/ml), as expected (Marchese et al., 1998) (Figure 1b) . Weak tyrosine phosphorylation of KGFR was detected also in KGF-untreated cells (Figure 1a, b) , most likely as a consequence of autocrine receptor activation, since NIH3T3 cells are known to produce mouse KGF (Miki et al., 1991) .
Since the UVB exposure is known to generate ROS and to induce an oxidative stress, we exposed the cells to UVB (30 mJ/cm 2 ) in the presence of antioxidants such as N-acetyl cysteine (NAC) (10 mm) or pyrrolidine dithiocarbamate (PDTC) (50 mm) and the UVB-induced receptor phosphorylation appears to be inhibited ( Figure 2 ). Since treatment with antioxidants have been shown to inhibit the UVB-induced KGFR phosphorylation, we compared the effects of UVB on KGFRs with those exerted by treatment of the NIH3T3 KGFR cells with the pro-oxidant agent CUH. Immunoprecipitation followed by immunoblotting experiments revealed that a similar tyrosine phosphorylation of KGFR was induced by UVB (30 mJ/cm 2 ) and CUH (100 and 200 mm), and that KGFR protein levels were similar in CUH-treated cells compared with the untreated and the UVB-treated cells (Figure 3) .
To demonstrate that KGFR phosphorylation induced by UVB irradiation is a general phenomenon occurring also in cells endogenously expressing KGFR, we used human keratinocyte HaCaT cells grown at confluence to express higher levels of KGFR (Capone et al., 2000) . Immunoprecipitation followed by immunoblotting analysis showed that UVB exposure (30 and 50 mJ/cm 2 ) stimulated, similar to KGF, phosphorylation of a protein species corresponding to the molecular weight of KGFR (Figure 4) .
To evaluate if UVB irradiation and CUH treatment at the doses used could determine possible alterations in cell morphology, we examined at ultrastructural level the UVB-treated and CUH-treated NIH3T3 KGFR-transfected cells. Electron microscopic observations revealed a normal unaltered morphology in treated cells compared to the untreated cells (data not shown).
To demonstrate that UVB exposure induces KGFR activation and signalling by the receptor, NIH3T3 KGFR transfectants treated with KGF or irradiated with UVB were analysed by immunoprecipitation and Western blot to detect possible phosphorylation of the FGF receptor substrate 2 (FRS2) (Hadari et al., 2001) and of PLCg, which is known to represent the major substrate of KGFR (Shaoul et al., 1995) , as well as the phosphorylation and activation of extracellular signalregulated-kinase (ERK1), a signal transduction element downstream to KGFR (Shaoul et al., 1995) . Immuno-precipitation with anti-FRS2 polyclonal antibodies followed by immunoblot with antiphosphotyrosine antibody or immunoprecipitation with antiphosphotyrosine antibody followed by immunoblot with anti-PLCg monoclonal antibody mAb, as well as Western blot with antiphospho-(ERK1) mAb, confirmed that UVB exposure is able to induce activation and signal transduction of KGFR similar to that elicited by the KGF ligand ( Figure 5) .
Thus, KGFRs can be efficiently tyrosine phosphorylated and activated by UVB treatment as well as by an oxidant stimulus and this event occurs shortly after the exposure and in the absence of detectable morphological alterations. Since NAC and PDTC are able to inhibit UVB-induced phosphorylation of the receptor, the mechanism of UVB-dependent KGFR phosphorylation appears to involve intracellular production of ROS.
To determine the effect of UVB exposure on DNA synthesis and cell proliferative activity, we performed the 5 0 -Bromo-deoxyuridine (BrdU) incorporation assay. NIH3T3 KGFR and NIH3T3 untransfected control cells were serum-starved for 12 h and then exposed to UVB 30 mJ/cm 2 and replaced for an additional 12 h in the medium alone before BrdU incorporation. The DNA synthesizing cells were then visualized with antiBrdU monoclonal antibody. When cells were serumstarved for 12 h and kept in the medium alone for an additional 12 h, the percentage of cells showing nuclei positively stained for BrdU ( Figure 6 , arrows) was low (43 and 25% for NIH3T3 KGFR and NIH3T3 cells, respectively), compared with the percentage of cells kept in medium plus serum (70 and 58% for NIH3T3 KGFR and NIH3T3, respectively). UVB exposure after 12 h of starvation induced a drastic decrease (becoming ap- 2 ): immunoprecipitation with anti-Bek antibodies, which specifically recognize the intracellular domain shared by the two splice variants, FGFR2 and KGFR, followed by incubation for 10 min and immunoblotting with antiphosphotyrosine antibodies or with anti-Bek antibodies (a) or immunoprecipitation with antiphosphotyrosine antibodies followed by immunoblotting with anti-Bek antibodies (b) show that KGFR tyrosine phosphorylation is induced by UVB irradiation. KGFR tyrosine phosphorylation is similarly induced by treatment with KGF (100 ng/ml) and a weak band is detected also in KGFuntreated cells, most likely as a consequence of autocrine receptor activation UVB-induced KGFR activation and internalization C Marchese et al proximately 1%) in the number of BrdU-positive nuclei, suggesting that UVB irradiation causes a block of the proliferative activity and the UVB-induced KGFR activation and signal transduction do not stimulate DNA synthesis.
UVB irradiation induces internalization of activated KGFRs
To visualize the phosphorylation of KGFR in response to UVB irradiation at the cell plasma membranes and to analyse the possible internalization of the activated receptors, NIH3T3 KGFR transfectants were analysed by immunofluorescence microscopy. Cells were exposed to UVB as above and fixed ( Figure 7b ) or warmed to 371C for 30 min to allow receptor internalization ( Figure 7c ). Alternatively, cells were treated with KGF for 2 h at 41C before fixation to induce ligand binding and subsequent receptor activation and phosphorylation ( Figure 7a ). KGFRs were immunolabelled with anti- ) in the presence of the antioxidants NAC (10 mm) or pyrrolidine dithiocarbamate (PDTC) (50 mm) and incubation for 10 min before immunoprecipitation with anti-Bek polyclonal antibodies followed by immunoblotting with antiphosphotyrosine or with antiBek antibodies. The KGFR protein levels are similar in untreated as well as in cells exposed to UVB or to UVB in the presence of antioxidants Bek antibodies (red signal) and double stained with antiphosphotyrosine antibodies (green signal) to identify, by colocalization of the two signals (in yellow), KGFRs tyrosine phosphorylated at the cell plasma membranes (Figure 7a, b) . Although anti-Bek antibodies do not discriminate among the two FGFR2 splice variants, transfected cells expressing only undetectable level of KGFR among the KGFR overexpressing ones (Figure 7 , arrowheads) were virtually unstained, indicating that the anti-Bek antibodies primarily detected the exogenously overexpressed KGFRs. After UVB exposure and warming to 371C, the immunofluorescence signals colocalized in intracellular dots located in both the peripheral and central area of the cell (Figure 7c ), suggesting receptor internalization and intracellular accumulation of the activated receptors. Thus, short physiological UVB exposure was able to induce tyrosine phosphorylation, activation and internalization of KGFR similar to the KGF ligand.
Treatment with peroxidative agents induces alterations in the membrane pattern of fatty acids and in the levels of enzymatic and chemical antioxidants in both NIH3T3 KGFR transfectants and NIH3T3 cells
In order to verify if peroxidative treatments were able to produce alterations in the membrane pattern of fatty acids and in the intracellular levels of enzymatic and chemical antioxidants, NIH3T3 KGFR-transfected cells and NIH3T3 cells were irradiated with UVB (30 mJ/ cm 2 ) or incubated in a culture medium containing CUH (200 mm). After UVB irradiation, the percentage of polyunsaturated fatty acids (PUFA) of the cell membranes, one of the main targets of peroxidative damage, decreased up to 73.3 and 84.6% of the control in both transfected and untransfected cells, respectively (see Tables 1  and 2 ). A similar effect was observed with regard to the levels of chemical antioxidants; in fact after UVB irrediation, vitamin E concentration decreased up to 82.2 and 85.1% and GSH up to 68.1 and 70.2%, in both NIH3T3 KGFR and NIH3T3 cells (see Tables 1  and 2) .
Treatment with CUH produced analogous modifications in the PUFA percentage in the cell membranes and in the intracellular concentration of chemical antioxidants, in both transfected and untransfected cells (see Tables 1 and 2) .
When antioxidant enzymatic activities were evaluated, before and after the treatment with UVB, a decrease in CAT activity, up to 71.3 and 78.8%, was observed in untransfected and transfected cells, respectively, and similar results were obtained after CUH treatment (see Tables 1 and 2) . On the contrary, superoxide dismutase (SOD) activity, in both transfected and untransfected cells, was not statistically modified by the peroxidative treatments with UVB or CUH (see Tables 1 and 2 ). Therefore, the alteration of antioxidants observed in both NIH3T3 KGFR-transfected cells and NIH3T3 cells reflects the presence of oxidative stress induced by UVB and CUH treatment and could be the basis for an intracellular generation of H 2 O 2 , as previously described in keratinocyte cultures (Peus et al., 1999) .
Discussion
Ligand-independent phosphorylation of receptor tyrosine kinases, induced by UV irradiation, is known to represent a rapid, membrane-associated event (Sachsenmaier et al., 1994; Coffer et al., 1995; Huang et al., 1996; Rosette and Karin, 1996) . Here we show that also the receptor for KGF, which plays a fundamental role in regulating keratinocyte growth and differentiation, is rapidly phosphorylated by exposure to physiological doses of UVB with timing and efficiency similar to that induced by binding of the ligand to the receptor. No differences in KGFR expression are observed at 10 min after UVB exposure, a time point too early to expect receptor degradation and downregulation. 
UVB-induced KGFR activation and internalization C Marchese et al
We have recently demonstrated that KGF binding to the receptor triggers a rapid receptor clustering in the clathrin-coated pits and internalization of ligandreceptor complexes (Marchese et al., 1998) . Here we showed that UVB exposure also induces a rapid endocytosis of the phosphorylated KGFRs which, 30 min after irradiation, appear localized in intracellular peripheral and perinuclear structures, presumably representing early and late endosomes. These findings not only are in agreement with previous observations on other receptor tyrosine kinases, such as EGFR and PDGFR (Rosette and Karin, 1996) , but also may explain the KGFR downregulation observed at 6-24 h after UVB exposure (Zhou et al., 1996; Finch et al., 1997) and the decrease in the proliferative activity and DNA synthesis observed in our experiments 12 h after irradiation.
The parallel receptor phosphorylation induced by irradiation with UVB and treatment with CUH, as well as the significant reduction of the UVB-triggered phosphorylation, observed after cotreatment with the antioxidant NAC, strongly imply that the UVB effect on KGFR is mediated by the intracellular generation of H 2 O 2 and ROS, as reported for EGFR (Peus et al., 1998 (Peus et al., , 1999 (Fuchs and Packer, 1990) . The alteration of the ratio of SOD and Cat activities (ratio SOD/Cat), observed immediately after both UV and CUH treatments, suggests that H 2 O 2 is generated through this mechanism. Moreover, the peroxidation of the unsaturated lipids compound of the cell membrane, associated with the significant depletion of the chemical antioxidants, indicates that ROS generation and the consequent oxidative stress takes place inside the cells. In this connection, the overexpression of Cat in keratinocytes by electroporation significantly reduces the amount of intracellular H 2 O 2 and the phosphorylation of the EGFR following UVB irradiation (Peus et al., 1999) .
Growing evidence indicates that H 2 O 2 may serve as second messenger that can activate transcription factors, such as NF-kB (Huang et al., 1996) , and it could be speculated that these events may also have a scavenging effect. The evaluations performed in comparison between transfected and nontransfected NIH3T3 revealed that the expression of the KFGR was associated with a Figure 7 Immunofluorescence analysis of the activation and internalization of KGFRs induced by UVB exposure. NIH3T3 KGFR transfectants were incubated with KGF for 2 h at 41C or exposed to UVB and either immediately fixed or warmed to 371C for 30 min to allow receptor internalization. Double immunofluorescence staining with anti-Bek polyclonal antibodies (red: rhodamine staining) and with antiphosphotyrosine mAb (green: fluorescein staining) shows colocalization of the two signals (in yellow after overlapping of the single images) at the cell plasma membranes following KGF binding at 41C (a) or UVB exposure (b) and in intracellular dots after receptor internalization induced by warming to 371C after UVB irradiation (c). Arrowheads point to NIH3T3 cells that do not express KGFRs and therefore appear unstained or very weakly stained by both anti-Bek and antiphosphotyrosine antibodies. Colocalization of the two signals, assessed by overlapping the single images, is shown in yellow. Bars: 5 mm UVB-induced KGFR activation and internalization C Marchese et al different enzymatic antioxidant pattern and of the PUFA percentage (Table 1 and 2) even if the cultured conditions were the same. We are not able to explain completely this phenomenon at this moment; however, different growth factors induce intracellular generation of H 2 O 2 (Ohba et al., 1994; Bae et al., 1997) and the autocrine loop, in NIH3T3 KGFR-transfected cells, may lead to a decrease of Cat activity. Alternatively, the expression of KGFR may prone the cells to a different sensitivity to external stimuli. In any case, however, the oxidative stress, generated following UVB or CUH exposition, as evaluated by the biochemical parameters, was similar in percentage in both transfected and untransfected cells, suggesting that KGFR activation follows intracellular generation of ROS and is not associated with a scavenging effect.
In conclusion, our data demonstrate that UVB irradiation is able to activate KGFR through the generation of intracellular ROS in a manner similar to that observed for other growth factor receptors. Since KGFRs, in contrast to EGFRs, appear to be upmodulated during keratinocyte differentiation (Marchese et al., 1997) , we may suggest that similar UVB-induced phosphorylation of both EGFR and KGFR, differently expressed on basal and superbasal skin layers, is required for a complete response involving either proliferating or differentiated cells.
Materials and methods
Cell lines
NIH3T3 cells transfected with the pCEV27 vector containing human KGFR cDNA (Miki et al., 1991; LaRochelle et al., 1995) and untransfected NIH3T3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine calf serum plus antibiotics. HaCaT cells were cultured in DMEM supplemented with 10% FCS and antibiotics, and allowed to grow for 11 days to reach the confluence.
For KGF treatment, all cells were serum starved for 12 h and then incubated with KGF (UBI, Lake Placid, NY, USA) (100 ng/ml in a medium containing 0.3 m NaCl) at 371C for 10 min.
Radiation of cells, between 270 and 400 nm, peaking at 310 nm, was delivered either from UVB lamp, Philips TL20W/ 12 (Philips GmbH, Hamburg, Germany), housed in a UV 800 U (Waldmann GmbH, VS-Schwenningen, Germany) or from VL6-M Biotronic Device (Vilber Lourmat, Marne La Vallee, France). The irradiance was regularly quantified by a calibrated radiometer equipped with an SCS 280 photodetector (International Light, Newburyport, MA, USA) and was 0.59 mW/cm 2 at a distance of 25 cm. UVB irradiation was performed with a dose of 20, 30, 50 mJ/cm 2 in the presence or absence of NAC (10 mm, BDH-chemicals, Poole, Dorset, UK) or PDTC (50 mm, Sigma Chemical Co, St Louis, USA). For peroxidative treatment, CUH (Fluka Chemika, AG, Buchs, Switzerland) was dissolved in ethanol at 1 mg/ml and diluted in the culture medium. Cells, plated in 75 cm 2 flasks, were incubated with a concentration of 200 mm, CUH for 10 min in a medium without serum. After treatment, cell layers were washed twice in PBS without Ca 2+ and Mg
2+
, scraped with a rubber policemen and centrifuged at 10 000 g for 10 min at 41C. Cell pellets were then processed for analysis of antioxidants and fatty acids of cell membranes.
Immunoprecipitation and Western blot analysis
Subconfluent cultures of NIH3T3 KGFR transfectants were lysed in RIPA buffer (10 mm Tris pH 7.4; 50 mm NaCl; 1 mm EDTA; 10 mm KCl; 1% NP40; 0.1% SDS; 0.05% Tween 20) supplemented with protease inhibitors (10 mg/ml aprotinin, 1 mm PMSF, 10 mg/ml leupeptin) and phosphate inhibitors (25 mm, sodium orthovanadate, 20 mm, sodium pyrophosphate, 0.5 m Naf); 50 mg of total proteins were resolved under reducing conditions by 7% SDS-PAGE and transferred to reinforced nitrocellulose (BA-S 83, Scheleider & Schuell, 
BrdU incorporation
NIH3T3 KGFR and NIH3T3 cells were serum-starved for 12 h, exposed to UVB (30 mJ/cm 2 ) and replaced to 371C for an additional 12 h in medium alone. BrdU (100 mm) (Sigma) was added to the medium and kept for 1 h at 371C to allow BrdU incorporation. Cells were then washed extensively and fixed in 4% formaldehyde in PBS for 30 min at 251C, followed by treatment with 0.1 m glycin for 20 min at 251C and with 3N HCl, 0.1% Triton X-100 for an additional 1 h at 251C to allow permeabilization. After extensive washing in PBS, cells were buffered with 0.1 m Na 2 B 4 O 7 and incubated with anti-BrdU mAb (1 : 50 in PBS) (Sigma) for 1 h at 251C in a humidity chamber, followed by goat anti-mouse IgG-FITC (1 : 10 in PBS) (Cappel Research Products Durham, NC, USA).
Fatty acid analysis
Cell pellets (5 Â 10 6 cells) were extracted twice in chloroform methanol 1 : 1 in the presence of butylated hydroxytoluene (BHT, 50 mg) as antioxidant and 25 mg of tricosanoic acid ethyl ester as internal standard. Fatty acids were trans-methylated with sodium metoxide (30% (w/v) in methanol and analysed by gas chromatography-mass spectrometry (GC-MS) on capillary column (FFA-P, 60 m Â 0.32 mm Â 0.25 mm, Hewlett Packard). The results were obtained after time integration of the chromatogram and final processing of areas. The identity of each fatty acid has been determined by comparing the mass spectrum of the peaks with those obtained using reference standards (Picardo et al., 1996) . Results are the mean7s.d. of three different experiments in duplicate.
Antioxidant enzyme assays
Cells (5 Â 10 6 ) were sonicated in phosphate buffer saline of 50 mm pH 7.4, centrifuged at 10 000 g for 10 min at 41C and supernatants were collected. Protein concentration was determined by Bradford test. Enzymatic activities were evaluated with a Beckman DU 70 spectrophotometer. Cat activity was measured by the disappearance of hydrogen peroxide (Claiborne, 1985) and SOD activity by the inhibition of superoxide production by xantine-xantine oxidase system (O'Neil et al., 1988) . Standard curves have been obtained by using purified human SOD and bovine Cat at different concentrations. One unit of Cat has been defined as the amount that degrades 1 mm H 2 O 2 and one unit of SOD as the amount of enzyme that induces 50% inhibition of nitro blue of tetrazolium reduction. Results are reported as mean7s.d. of three different experiments in duplicate and expressed as units per milligram of proteins.
Vitamin E analysis
Cells (5 Â 10 6 ) were extracted three times in hexane : ethanol 3 : 1 in the presence of 125 ng of g and d tocopherol as internal standards. The solvent was evaporated to dryness under a nitrogen stream. Tocopherols, derivatized with N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) with 1% trimethyl chlorosilane as catalyst, were analysed by GC-MS on SPB1 column (30 m Â 0.2 mm ID Â 0.25 mm, Supelchem) by a selected ion (s) monitoring (SIM) technique (Picardo et al., 1996) . Results are reported as mean7s.d. of three different experiments in duplicate and expressed as nanogram per milligram of proteins.
Glutathione (GSH) analysis
The analysis of GSH was performed by means of capillary electrophoresis according to a modified method (Piccoli et al., 1994) . Cells were lysed in 500 ml of hyposmotic buffer and at 100 ml of lysate, 100 ml of N-ethylmaleimide (NEM 10 mm) were added in order to prevent the oxidation of GSH. 5-sulfosalicylic acid (50 ml at 10%) was added 30 min later to precipitate the proteins and the volume made up to 500 ml with 50 mm Na 2 B 4 O 7 . The samples were centrifuged and the supernatant was injected under pressure into the capillary electrophoretic apparatus. The electrophoretic separation of 
